View the article online for updates and enhancements. Abstract. In this investigation copper coated carbon nanotubes (CNTs) were prepared to enhance the interfacial bonding between CNTs and aluminum matrix by the molecular-level mixing process. In optimized plating bath of (1:1) by wt. CNT with Cu, thickness of coated CNTs is reduced to 100 nm to promote uniform distribution of Cu nanoparticle on the surface of pretreated CNTs. The mixing of CNTs was accomplished by ultrasonication and ball milling. Scanning electron microscope analysis revealed the homogenous dispersion of Cu-coated CNTs in nanocomposites samples compared to the uncoated CNTs. The samples were pressureless sintered under vacuum. The densification increased with the increase in the CNTs content and is more pronounced in Cu-coated CNT nanocomposites.
Introduction
During past few decades, carbon nanotubes (CNTs) have attracted much attention. Especially for composite materials, it is predicted as an ideal reinforcement used in manufacturing of aircraft and sports goods, due to high aspect ratio, strength, elastic modulus and low density [1, 2] . Many researchers have encouraged the use of CNTs as reinforcement in metal matrices. For the fabrication of high strength and elastic modulus, homogeneous dispersion of CNTs is necessary and the interfacial bonding between metal and CNTs should be strong enough to transfer load efficiently. However, no major breakthrough is achieved with CNT/Al composites, because of obstacles related to the interfacial bonding between Al powder and CNTs, and the unavailability of suitable synthesis techniques for homogenous mixing at molecular level between Al and CNTs [3] . In addition, CNTs poor wetting property on Al due to entanglement and difference in density have been great hindrances in its uniform distribution for manufacturing the composites [4] . In case of Co-CNT, Ni-CNT and Cu-CNT composite powders, novel fabrication techniques to obtain outstanding composite powders are possible as the metal oxides (CuO and CoO) are easily reduced to metal Cu and Co [5, 6] . However, the fabrication of CNT/Al composite powder is irreversible once Al gets oxidized.
The researchers who have fabricated CNT/Al composites by conventional powder metallurgy and spray coating processes, have suggested CNT/Al composites as a new advanced structural material having high strength and modulus with low density for possible application in the next generation materials for automobile, sports and aerospace industries [7] [8] [9] . This consists of mixing CNTs with Al followed by spark plasma sintering or hot-extrusion. Kwon et al. fabricated CNT/Al composites by dispersion in natural rubber and a combination of processes of SPS and hot extrusion to get highly densified CNT/Al composites [10, 11] . Deng et al. performed isostatic pressing, followed by hot extrusion process. They distributed CNTs on the surface of 2024-Al powder by mechanical mixing assisted with ultrasonic shaker and fabricated composites which showed increased tensile strength, hardness and young's modulus [12] [13] [14] . Liao et al. fabricated CNT/Al composites by mixing the composite powder in the roller mill followed by SPS sintering and hot extrusion [15] [16] [17] [18] . In this study, Cu-coated CNTs were prepared to enhance the interfacial bonding between CNTs and Al matrix by the molecular-level mixing process. To improve interfacial bonding, the enhancement in wettability of CNTs is necessary. For this purpose, CNTs were coated with Cu in the optimized plating bath. Therefore the influence of CNTs dispersion in the Al matrix for both, the Cu-coated and uncoated CNTs was ascertained.
Experimental procedures
For the fabrication of Al-matrix composites, Cu-coated and uncoated CNTs were used as the reinforcement in the Al matrix. Two processes: electroless plating and ultrasonic assisted mixing with N2 purging were utilized for the uniform distribution of CNTs. For the enhancement in interfacial bonding of Al matrix and CNTs, a Cu/CNT precursor was prepared by using an electroless plating process and then mixed by planetary ball milling with Al powder.
For the fabrication of the composites, gas atomized Al powder (99.84% pure, with 10 µm average particle size, Angang Group Co. Ltd., China) and multiwalled carbon nanotubes (Sun Nanotech Co. Ltd., China, purity >90%, diameter 10-30 nm) were used in the present study. To get rid of the metallic particles and other impurities, purification and functionalization of CNTs carried out by acid treatment. Purification of CNTs was done in conc. HCl (37%), sonicated at 30 ºC for 5 h and were then soaked for 12 h. Functionalization of purified CNTs was done by mixing conc. HNO3 (65%) in conc. H2SO4 (98%) in the ratio of (1:3). After the functionalization process, CNTs were added in 1M solution of SnCl2.2H2O along with 1 ml of HCl in 100 ml to adjust pH below 1 and sonicated for 30 min. Sensitized CNTs were washed with distilled water followed by filtration. For activation, CNTs were added in .0015 M solution of PdCl2 along with 1.5 ml of HCl to adjust pH below 1 and sonicated for 30 min. Finally, activated CNTs were washed with distilled water followed by centrifugation and filtration. After two-step sensitization and activation, CNTs were exposed to catalytic treatment in CuSO4.5H2O bath for 2 h at room temperature to suspend the CNTs in the solution. Formaldehyde was added in order to reduce the Cu in the bath for 20 min. Initially, 40 vol% CNT/Cu were used in the plating bath i.e. (1:9) wt ratio of CNTs with Cu. To optimize the Cu coating, bath composition was adjusted for the fixed Cu-CNT (1:1) wt. ratio i.e. for 50 mg CNTs bath composition was adjusted according to Cu content in the bath. The plating solution composition was CuSO4.5H2O 196 g, Na3C6H5O7.2H2O 532 g and NaOH was used to adjust the pH equal to 12 and 1 ml of formaldehyde was added drop wise in the solution. The composition (1:1) wt ratio of CNTs with Cu showed satisfactory results and whole solution changed from black to red brown, showing the uniform coating of Cu.
Ultrasonic assisted mechanical mixing of the Al and different compositions of uncoated and Cucoated CNTs named by CNTs additions (0.25, 0.50, 0.75 and 1.0 wt%) were performed in ethanol. To facilitate uniform distribution and mixing of CNTs; mixture was sonicated at 60 °C. Nitrogen gas was bubbled from bottom of the beaker by a glass rod that further enhanced the dispersion of Al powder with the CNTs by avoiding powder sedimentation. The process was continued until the thick slurry of the CNT/Al mixture was obtained. 12 g of mixed powder was placed in 250 ml stainless steel mixing jars together with stainless steel balls of 8 mm (Ø). The ball to weight ratio was also adjusted to (10:1). The jars were filled with argon gas and planetary ball mill was used for the mixing of powders, at 200 rpm for 1 h. Ethanol was used as the process control agent (PCA), for the purpose of minimizing cold welding of particles and to avoid sticking of powder with balls and walls of the jar. Uniaxial cold compaction of ball milled powder at 600 MPa was done by hydraulic press in 13 mm high-speed steel die. Pressureless sintering was performed in the tube furnace at 550 °C for 3 h in the evacuated quartz tube at 10 -4 mbar. Archimedes principle was used for the calculation of relative density of the sintered compact, with respect to the water as an immersing medium. IR spectrum was obtained by Fourier Transform Infrared Spectroscopy (FTIR) spectrum 2000 (Perkin Elmer). Al was preferentially etched to reveal the CNTs and grain boundaries. Etching was performed at room temperature in a solution of 2 g NaOH, 4 g Na2CO3 and 94 ml of H2O [19] . Scanning electron microscopy (SEM) was done to examine the distribution of CNTs with in the CNT/Al composites. Microhardness was evaluated with Vickers Hardness testing machine. To measure the microhardness, Vickers microindenter was used at load of 100 gf. Each hardness value datum was the average of 3 samples.
Results and discussion
In this experimental study, Al is in the form of fine spherical powder with average particle size of 10 µm. CNTs are in the form of agglomeration and have the diameter 10-30 nm. Raw CNTs are highly tangled together and in the form of agglomerates. Impurities get attached with the walls and ends of CNTs during the production process. So, impurities are removed after functionalization and it improved the dispersion of CNTs in the matrix. This resulted in the better mechanical properties of composites.
CNTs functionalization analysis
The infrared spectrum of functionalized CNTs after acid treatment is shown in the Fig. 1 . This curve indicates that few organic functional groups formed after the acid treatment on the surface of CNTs. In IR spectrum, there exist three valleys at wave number 3418, 1633 and 1110 cm -1 representing stretching vibration of hydroxyl group (-OH), aldehydic group (>C=O) and C-O groups respectively. The coexistence of hydroxyl and aldehydic groups may yield the carboxyl group (-COOH). This confirms that functionalization of the CNTs is done successfully. These results are very similar to the previous work and in close agreement with the literature [14, 20] .
Electroless CNT/Cu plating
A fabrication approach such as the molecular-level mixing is necessary for CNT/Al composites. Homogeneous dispersion and strong interfacial bonding of CNTs with metal can be achieved by electroless coating [21] . By chemical reaction between functional groups on the surface of CNTs with metal ions, strong interfacial bonding between CNTs and a metal is achieved.
For the evaluation of coating thickness, initially (1:9) by wt CNTs with Cu were treated in the plating solution. Cu particles are decorated and distributed on the surface of CNTs, as shown in the Fig. 2a . It is observed that thickness of Cu-coated CNTs is about 300-500 nm. The size of Cu nanoparticle is less than 100 nm and densely coated on the CNTs, similar results are reported by many research studies [22, 23] . In addition, open end tips of CNTs are found and surface of CNTs is completely embedded in the Cu particles, as shown in the inset of Fig. 2a . In electroless process, some massive crystallite growths are also perceived at isolated spaces on Cu-coated CNTs, which is in accordance to the previous results [24, 25] . Optimizing the plating bath to (1:1) by wt CNT with Cu, thickness of Cu-coated CNTs is reduced to around 100 nm, as shown in Fig. 2b . By comparing the both inset micrographs in fig 2, it can be seen that thickness of Cu coating on the CNTs is successfully reduced. The Cu nanoparticles of few nm are homogenously distributed on the surface of pretreated (Sensitized and activated) CNTs. By the combination of molecular level growth of Cu on the CNTs (Bottom up approach) and controlling the coating thickness to very small and uniform level, excellent quality of Cu-coated CNTs has been achieved [26] . 
Densification
By mixing Al powder with Cu-coated and uncoated CNTs, a proper mechanical interaction between Al powder and CNTs can be achieved. As the CNTs content increased, more and more powder is covered with the CNTs, which is also suggested by previous research studies [16, 17] . The Cu-coated CNTs have provided sufficient wettability with the Al and hence a good bonding is achieved. For the density measurement of Al and CNT/Al composites, Archimedes principle was used and distilled water as an immersion medium. The percentage relative densities of the samples prepared are shown in Fig. 3 . The reference density of pure aluminum sample was close to intrinsic Al density (2.70 g/cm 3 ). The composites were fully densified near to their theoretical density. Densification of composite samples increased with increasing wt% of CNTs.
Microstructure
In sintered composite samples, morphology of Al grains did not change much relative to that of the raw powders, as shown in the Fig. 4a . It is due to the equal pressure being applied around the compacts, which is beneficial for the plastic forming of the powders in order to achieve the full density. The grain boundaries are more visible after repeated etching.
In composite samples, CNTs are homogeneously dispersed at grain boundaries and within the Al particles, as shown in the Fig. 4b . Equiaxed grains are observed in all the composites. This occurs because particles growth is restrained by the pinning effect of the CNTs. Here it is significant to note that because of Cu-coated CNTs, more interfacial bonding with Al matrix is achieved. Hence, small grain size resulted in the Cu-coated CNT/Al composites compared to uncoated CNT/Al composites, where a little grain growth is occurred and relatively bigger grains are observed. Owing to poor wettability in uncoated CNTs, more Al powder are cold welded during ball milling and pinning effect of CNTs in Al particles, is less pronounced compared to Cu-coated CNT/Al composites.
Summary
Molecular level mixed Cu-coated CNTs showed uniform dispersion in the Al matrix. Optimizing the plating bath to (1:1) by wt CNT with Cu, thickness of Cu-coated CNTs has been reduced to 100 nm. Wettability of Cu-coated CNTs was increased in Al matrix. The densification increased with the increase in the CNTs content, which is more pronounced in Cu-coated CNT/Al composites due to higher affinity and strong interfacial bonding with Al matrix. Scanning electron microscope analysis revealed the homogenous dispersion of Cu-coated CNTs in nanocomposites samples compared to the uncoated CNTs. The densification increased with the increase in the CNTs content and is more pronounced in Cu-coated CNT nanocomposites.
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